Fretwell and Oksanen's theory of trophic dynamics was tested in two plant communities located in a North Derbyshire dale, including: (1) a low productivity calcareous grassland; and, (2) a highly productive Urtica dioica (nettle) patch. Two methods (herbivore removal through pesticide application, and transplanting established, intact turves (0.5 M2) between the two community types) were employed, and analysed in a two-way ANOVA, to test the hypothesis that highly productive communities are controlled by 'top-down' forces and low productivity communities are controlled by 'bottom-up' forces. The Fretwell-Oksanen theory proposes that herbivores limit growth in low productivity communities, not highly productive communities. Therefore, removal of herbivores will result in an increase in plant biomass only in the low productivity community. The results presented in this paper support the Fretwell-Oksanen hypothesis. Furthermore, when small turves were transplanted from the highly productive community to the low productivity community the removal of herbivores through pesticide application greatly increased the above-ground plant biomass. This result suggests, firstly, that the vegetation grown in a highly productive environment is generally very palatable, and secondly, it strengthens the evidence that herbivores are limiting plant growth in low productivity communities but not highly productive communities. Individual plant species response to herbivore removal was related to known relative growth rate values using linear regression and was found to be significant in one case: nettle turves transplanted into the grassland. In this case, relative growth rate accounted for 68.3% of the variation in the response of the plants to herbivore removal. This suggests that fast-growing plants from a highly productive environment are most likely to respond to the release of a limiting factor, in this case herbivory, within a community.
There is an increasing volume of theory and evidence suggesting that primary productivity directly influences the trophic interactions of an ecosystem (Fretwell 1977, tory conditions are generally more palatable and vulnerable to herbivory than slow-growing plants adapted to low productivity communities (Grime et al. 1968 , Feeny 1976 , Rhoades and Cates 1976 , Grime 1979 , Coley et al. 1985 , Southwood et al. 1986 ). However, despite the fact that a certain plant species may be quite palatable, if the herbivore numbers and activity are severely limited by carnivores, that plant species will flourish. Therefore, the extent to which herbivores influence the structure and dynamics of plant communities only becomes understandable and predictable when trophic interactions are known.
Transplanting of established plants into different
communities and environments is a commonly used test employed by population ecologists to study fine-scale interactions, specifically competition (Silander and Antonovics 1982, Turkington 1989) . Ecologists have also used turves containing mixtures of established plants to test the communities' responses to abiotic perturbations (MacGillivray et al. 1995) and herbivory (Moen et al. 1993 ). The methodology employed in the experiment described in this paper is unique because it involves transplanting turves of established plants into very different plant communities (in terms of species composition and site productivity) in order to test the varying roles of herbivory.
The purpose of the experiment was to test Fretwell and Oksanen's theory of trophic interactions (Fretwell 1977 , Oksanen et al. 1981 ) by employing two interacting methodologies. First, it was intended to study the influence of pesticides on two communities of contrasted productivity levels. The second purpose was to 
Methods and materials

Study area
The experiment was conducted in a dale located within the Health and Safety Laboratory property in Derbyshire, near the town of Buxton. This dale is characteristic of the shallow-soiled wet calcareous ancient pastures found in the dales of the high limestone plateau (Balme 1953 , Lloyd et al. 1971 , Lloyd 1972 , Pearce 1987 . It is the dale used in studies by Burke and Grime (1996) , MacGillivray et al. (1995) , and Buckland (1994) and is the site of current climate change experiments conducted by the Unit of Comparative Plant Ecology, Sheffield University. The dale has a slope of approximately 300, and an altitude of 370 m (National Grid Reference SK 057708). The experiment was located on the north-west facing side of the dale. There is a high annual rainfall evenly spread throughout the year and a short growing season between early May and late September. Virtually no growth occurs during the winter.
Two sites were selected within the dale. One of the sites was located on continuously moist infertile soil supporting a relatively species-rich calcareous grassland community of slow-growing, mainly evergreen species.
The second site was situated on an area where mushroom compost had been dumped ten years previously (MacGillivray 1993) . This site consisted of a relatively high productivity patch of fast-growing perennials dominated by nettles (Urtica dioica). Table 1 In order to minimize spray drift, the pesticides were applied between 0400 and 0600 when winds were low.
The pesticides were tested independently for possible stimulatory or phytotoxic effects on five of the dominant plants occurring within the study sites (Fraser 1996) . It was found that the pesticides were lightly 100 OIKOS 81:1 Grime and Hunt (1975 
Analysis
A two-way ANOVA was applied to determine the effect of site (which included the transplanting treatment) and the pesticide treatment on the total aboveground biomass. Tukey's HSD test was applied to separate the treatment means. Also, the 95% confidence limits were calculated for each treatment mean.
The effect of the pesticide treatment was calculated for each plant species at its site of origin and at the transplanted site and the species ranked according to their relative abundance. By doing this it was determined which species benefited by the removal of herbivores and which species suffered. This procedure was not carried out on the turves which had been excavated then replaced into their home site because it was determined through the ANOVA described above (and presented in Tables 2 and 5 and Figs 1 and 5) that transplanting had no effect on plant biomass.
Linear regressions were carried out to examine the relationship between maximum relative growth rates (Rmax) available from laboratory screening tests (Grime and Hunt 1975) and the change in above-ground biomass due to the pesticide treatment. The Rmax not known for all the species found in this study, so by necessity the analysis was limited to those species with available values. The Rmax values used in these analyses are presented in Table 1 . This analysis was carried out on four subsets of the experimental data: nettle turves in situ; nettle turves transplanted to grassland; grassland turves in situ; and grassland turves transplanted to the nettle patch.
Results
Nettle community
The nettle patch turves transplanted to the grassland suffered major herbivore attack compared with those remaining in the nettle patch (Fig. 2) . Furthermore, the nity transplanted to the grassland community was 4.34 g without pesticides, and more than three times that, 14.34 g, with pesticides. In fact, this latter treatment was associated with the highest recorded mean biomass.
There was no significant difference in the above-ground biomass between the different treatments within the nettle patch. The two-way ANOVA confirmed that the pesticide treatment had a significant effect on the total above-ground biomass, while the site treatment did not (Table 2 ).
The individual species response to the removal of herbivores was calculated and ranked for both the plots in situ and the transplanted plots (Fig. 3) . There was very little difference in the way the species responded to herbivore removal in both sites; the main differences (Table 3) . The relationship between
Rmax and the change in biomass was positive and the model accounted for 68.3% of the variation within the population (Fig. 4) .
Grassland community
The application of pesticides to the grassland turves resulted in effects which were quite different from those observed in the nettle turves. The effects of site and pesticide treatment on the total above-ground biomass were statistically significant (Table 4) , but this did not apply to the combined effect of site and pesticides.
There was an approximate 50% increase in mean dry weight of the grassland turves in situ (regardless of transplant treatment) when pesticides were applied (Fig. 5 ). Although this difference was not found to be significant using Tukey's HSD, it was certainly substantial. However, since it was not significant sampling error cannot be ruled out. The grassland turves transplanted into the nettle community had very low biomasses, irrespective of pesticide application, compared to the grassland plots in situ.
The individual species response to the removal of herbivores in the grassland community also differed from the response of species in the nettle community.
The biomass of most species in the grassland plots remaining in situ was greater with the application of the (Fig. 6a) , particularly Festuca ovina. However, the species response in the transplanted plots to the application of pesticides was almost completely opposite to the response of species in the grassland plots in situ (Fig. 6b) . Instead of being the species most benefiting from the removal of herbivores (Fig. 6a) , F. ovina suffered the greatest decrease. Other species which showed a similar pattern were Carex flacca and Anthoxanthum odoratum. Some of the species that seemed to benefit from the application of pesticides in the transplanted grassland turves were species native to the nettle community (e.g. Urtica dioica, Poa trivialis, and Arrhenatherum elatius), and were not present in the grassland turves in situ.
The linear regression models between R max and the change in total above-ground biomass caused by the pesticide treatment were not significant (Table 5) , even though the slope tended towards a positive relationship (Fig. 7) . it is a fast-growing herb that has highly nutritious, nitrogen-rich foliage (Davis 1975 (Davis , 1991 . When U.
dioica was transplanted into the low-nutrient grassland community though, it was subject to herbivory. In contrast to the nettle community, the application of Table 1 for a key to species. Table 3 . Results of linear regression examining the relationship between the maximum relative growth rate (Rmax) and the change in the above-ground biomass of the nettle turves due to the pesticide treatment. This table presents the sum of squares (SS), degrees of freedom (d.f.), mean squares (MS), F-ratios, and p-values (p). The results from this study support Fretwell and
Source of Dependent variable variation
Oksanen's top-down hypothesis of community control (Fretwell 1977 , 1987 , Oksanen et al. 1981 , Oksanen 1990a . This is despite the fact that the FretwellOksanen model explicitly excludes ectotherms (Oksanen et al. 1981 , 1987 , Oksanen 1990a ). The nettle community was a highly productive community. According to a) nettle turves in situ influence on the mean dry weight of the total aboveground biomass. That does not mean invertebrate herbivores were entirely absent; pitfall traps confirmed that they were indeed present (Fraser 1996) . In fact, herbivores still seemed to exert some influence on the allocation of growth of Urtica dioica. When herbivores were removed, a higher proportion of U. dioica flowered (Fraser 1996) . But, overall, herbivores appeared to have a negligible influence on the biomass of the nettle community. Of course, the primary predators within the nettle patch may well be endotherms (e.g. passerine birds) but the results of this study show that the Fretwell-Oksanen model can certainly be extended to include ectotherms (see also Fraser and Grime 1997) .
The grassland community was at low productivity and apparently could not support or sustain a large or effective third trophic level. The evidence for this is that when herbivores were removed, the mean dry weight of the total above-ground biomass increased substantially indicating that herbivores were limiting plant growth. If herbivores were limiting plant growth, they in turn must not have been limited greatly by carnivores. There could be three factors that contribute to limiting the abundance, and therefore control, of carnivores in the grassland community. The first factor has already been stated, which is that there were not enough resources to sustain an effective third trophic level. The second factor may be that the patches of high quality food (nettle) were readily detected by herbivores (see Davis 1975) , but the resulting patches of high herbivore density were so small (in the spatial scale relevant for carnivores) that they were missed by carnivores. Finally, the third possibility may be that there were many refuges within the grassland community that protected herbivores from predators. The architecture of the grassland community was certainly complex and multilayered, more so than the nettle community, and it has Table 4 . Results of two-way ANOVA examining the effects of site (SITE) and the pesticide treatment (PEST) on the mean above-ground biomass of the grassland turves. This table presents the sum of squares (SS), degrees of freedom (d.f.), mean squares (MS), F-ratios, and p-values (p Kareiva 1990, Hixon and Beets 1993) .
Another factor to account for is that the complex architecture of the grassland may simply afford a more suitable environment, regardless of predators, for the major invertebrate herbivores (e.g. molluscs) (see Van de Koppel et al. 1996 for a comparative case).
When turves of the nettle community were transplanted into the grassland community, top-down con- growing competitors, U. dioica, P. trivialis, and Arrhenatherum elatius benefited. A similar result with the same plant species was also found in an outdoor microcosm study (Fraser and Grime 1998) . As well, Ostfeld and Canham (1993) showed that fast-growing tree seedlings were released from intense herbivory from voles following vole removal in an old field.
The relationship between the maximum relative growth rate (Rmax) and the change in total biomass due to the pesticide treatment was observed fairly consis- tently within each of the four different subsets of data to which the analysis was applied, i.e. nettle turves in situ; nettle turves transplanted into grassland; grassland turves in situ; grassland turves transplanted into the nettle patch. In each case, the slope of the regression was positive, meaning that those species with a higher Rmax had a greater biomass when pesticides were applied. In other words, they responded more quickly than slower growing species to a release of herbivore pressure. However, this relationship was only significant for the model applied to nettle turves transplanted into the grassland site. This is understandable assuming that the herbivore pressure within the grassland was much higher than within the nettle patch.
Plants with a high Rmax are more palatable than those with lower Rmax's, therefore the herbivores within the grassland would prefer those species with a higher Rmax. In addition, the nettle turves that were transplanted into the grassland would have received much more light than if they remained within their home site because the grassland species were much shorter.
Plants with a higher Rmax should be able to capitaliz on this added resource more rapidly than other plants.
Why was not R max a reliable indicator of species response to the release of herbivore pressure in the low productivity turf environment? Perhaps the answer is that stress-tolerant plants with low relative maximum growth rates were the dominant species. Unless competitor-type species with high Rmax'S were well established in the community, the plant biomass of the community would be less likely to quickly respond to the pesticide treatment. A similar response occurs when fertilizers are applied to an established community of slow-growing plants. Rather than an increase in growth rate, slow-growing stress-tolerators accumulate the extra nutrients in their tissue (Chapin 1980) . Competitor species with high Rmax's were dominant in the nettle turves transplanted into the grassland, and therefore were able to respond quickly to the pesticide treatment. Table 5 . Results of linear regression examining the relationship between the maximum relative growth rate (Rmax) and the change in the above-ground biomass of the grassland turves due to the pesticide treatment. This table presents the sum of squares (SS), degrees of freedom (d.f.), mean squares (MS), F-ratios, and p-values (p). 
